Introduction
Prostate cancer (PCa) is a prevalent human tumor that develops and progresses under the influence of androgenic steroids. As in normal prostate cells, androgen action in PCa cells is mediated by a nuclear receptor protein, the human androgen receptor (hAR) that binds androgenic ligands, enters the nucleus and stimulates the transcription of genes having cis-acting androgen response elements within their promoter or regulatory regions (Chang et al., 1995) . Androgen depletion, induced by hormonal therapies used to treat advanced PCa patients, transiently suppress disease progression. However, the cancer inevitably recurs in a hormonerefractory form that continues to grow despite the diminished androgen levels in a hormone-treated patient (Miyamoto et al., 2005) . In the in vivo setting, hormone refractory PCa cells are known to maintain hAR protein expression and there is a consensus that androgenmediated gene expression is also sustained despite the deficit in circulating androgen levels (Grossmann et al., 2001) . This conundrum has led to extensive research to determine mechanisms through which androgen signaling might be maintained in PCa cells in hormone-treated patients. Various studies reveal that there are likely multiple pathways leading to increased androgen signaling in a low androgen environment involving mechanisms as diverse as hAR gene amplification (Ford et al., 2003) , mutations that alter the ligand specificity of the hAR (Tilley et al., 1996) or by association of the hAR protein with coactivators that cooperate to increase transcriptional activity of hAR (Rahman et al., 2004) .
One coactivator that markedly influences the transcriptional activity of hAR is b-catenin, a key molecule in the canonical Wnt signaling pathway (Truica et al., 2000; Yang et al., 2002) . b-Catenin binds to the activation function 2 region within the N-terminal domain of liganded hAR protein and augments liganddependent hAR transcriptional activity in PCa cells (Song et al., 2003) . The coactivator function of b-catenin likely involves increased recruitment of p160 coactivator proteins as well as tertiary proteins, such as histone methyltransferase (Koh et al., 2002) . b-Catenin also alters ligand specificity of hAR-mediated transcription, enhancing transcriptional activation by androstenedione and estradiol and diminishing antagonism by bicalutamide (Truica et al., 2000) . Cultured PCa cells in which Wnt signaling is activated by Wnt ligand also show increased hAR-mediated transcriptional effects even in the absence of androgenic ligands (Verras et al., 2004) , which implies that the Wnt signaling pathway has additional effects on hARmediated signaling aside from those involving interaction of b-catenin with liganded hAR. Here, we describe our work evaluating the ability of Wnt signaling, mediated by b-catenin activated LEF-1/TCF transcription and MDM2-mediated protein degradation, to influence expression of the hAR mRNA and protein in PCa cells. Our results show that the hAR gene is a primary target of LEF-1/TCF transcriptional control and that the Wnt signaling pathway has additional effects that modulate the levels of the hAR-encoded protein through a ubiquitin-mediated degradation process controlled by Akt/Protein kinase B signaling.
Results

Validation of functional LEF-1/TCF binding sites in the 5
0 promoter region of the hAR gene A computerized search of a 2000 bp region immediately 5 0 to the transcriptional start site of the hAR gene revealed the presence of eight core (minimal) sequences containing potential LEF-1/TCF binding elements ( Figure 1a) . A CHIP assay was used to determine whether any of these potential binding elements were occupied by a protein complex that contained b-catenin in control LNCaP cells (transfected with empty vector) or in LNCaP cells with Wnt signaling activated either by transfection with a mutated (stabilized) b-catenin or with protocadherin-PC (PCDH-PC), another gene product known to stimulate LEF-1/TCF-mediated transcription in these cells (Yang et al., 2005) . Fixed, sheared chromatin was immunoprecipitated using antib-catenin antibody and the immunoprecipitated chromatin was PCR amplified using primer sets that distinguished the various potential binding sites as described in Figure 1a . A sample of DNA extracted from unprecipitated input control LNCaP cells was amplified as a positive control to ensure that each primer set was able to amplify the appropriate sized fragment. Primer sets that amplify known LEF-1/TCF binding regions within the cyclin D1 and c-myc promoters were used as positive controls to ensure that the assay was capable of detecting LEF-1/TCF binding sites within other genes known to be transcriptionally regulated by Wnt signaling. The results of these amplifications (Figure 1b) identified three of the eight potential LEF-1/TCF binding elements within the hAR proximal promoter region as occupied by a protein complex containing b-catenin in Wnt-activated cells. None of these potential LEF-1/TCF binding sites were immunoprecipitated from chromatin obtained from control cells without Wnt activation. This experiment was repeated using a defective recombinant adenovirus that expresses Wnt-1 protein (Ad-Wnt-1) to stimulate Wnt signaling in the LNCaP cells and the results of the CHIP analysis (compared to cells transduced with a Lac Z expressing recombinant adenovirus, Ad-LacZ) were equivalent to that shown by b-catenin or PCDH-PC transfected cells (Figure 1c ).
hAR promoter-luciferase reporter fusion vectors demonstrate increased luciferase expression in Wnt-activated LNCaP cells A series of hAR promoter-luciferase reporter vectors were constructed that contained increasing lengths of the hAR promoter region. These vectors were cotransfected into LNCaP cells along with empty vector (Wnt unstimulated control) or with the b-catenin expression vector (Wnt stimulated). Transfection efficiency was monitored by inclusion of a b-galactosidase (b-gal) reporter vector. Transfected cells were collected 48 h later and luciferase and b-gal activity was measured in the cell extracts. Expression of normalized luciferase was low in all cells co-transfected with empty vector, however, normalized luciferase activity was progressively increased as the length of the hAR promoter was increased in cells co-transfected with the b-catenin expression vector (Figure 2a ). Our results indicate that the two more proximal LEF-1/TCF binding elements of the hAR promoter identified in the CHIP assay were weakly, but additively active in promoting luciferase activity in Wnt-stimulated LNCaP cells, whereas the more distal LEF-1/TCF binding element found in the CHIP assay was much more robust in promoting luciferase expression in Wnt-stimulated cells, with levels of luciferase almost 40 times greater than in cells co-transfected with empty vector. Increasing hAR promoter length beyond this did not further increase luciferase activity in Wnt-stimulated cells. Likewise, stimulation of Wnt signaling using the Ad-Wnt-1 adenovirus to transduce cells immediately prior to transfection with the largest hAR promoted luciferase vector (vector #5) showed that this induced luciferase activity more than 40-fold when compared to control, non-Wnt-induced LNCaP cells (Table 1 ). The ability of Wnt signaling stimulation (by Ad-Wnt-1 or mutated b-catenin) to upregulate luciferase expression from the chimeric hAR reporter vector (#5) was abrogated by co-transfection with a dominant negative TCF (pDN-TCF) expression plasmid but not by empty vector (pCDNA3) ( Table 1) or by introducing site-specific mutations into the dominant TCF-binding element (at À1158 to À1163) (Figure 2b ) within the hAR promoter, thus confirming that the actions of Wnt signaling in upregulating expression of the reporter from this chimeric vector was dependent upon the activity of TCF transcription factors. human PCa cell lines (that do not endogenously express hAR protein) using the real time RT-PCR procedure showed that there was an upregulation of hAR mRNA to a level (more than 10-fold greater than control cells) similar to that of the hAR expressing LNCaP and CWR22rv-1 cells, however the extremely low basal expression of hAR mRNA in the unstimulated cells makes it difficult to determine the significance of the increase.
Expression of hAR protein is suppressed by Wnt signaling in LNCaP cells
In contrast to hAR mRNA, which was greatly increased by Wnt signaling in LNCaP cells, expression of hAR protein was reduced by at least 89% as assessed by densitometry of films from Western blot analysis of hAR expression in LNCaP cells transfected with b-catenin or PCDH-PC or in LNCaP cells maintained for 7 days in androgen-free medium (Figure 3a) . In a similar manner, LNCaP cells transduced with AdWnt-1 expressed o90% the amount of hAR protein compared to cells transduced with Ad-lac Z at 48 hrs subsequent to transduction (Figure 3b ). The suppression of hAR protein levels in Wnt activated LNCaP cells is likely associated with loss of the protein through a ubiquitin-mediated proteasomal degradation process since transient exposure to 2 different proteasome inhibitors, MG132 or lactacystin increases hAR protein in b-catenin transfected cells to levels at least 12.3-fold higher than control-transfected cells (Figure 4c ).
The role of Akt and its downstream target MDM2 in hAR protein degradation under Wnt-stimulated conditions Prior evidence that activated (phosphorylated) Akt mediates an MDM2-directed ubiquitinylation and degradation of hAR (Lin et al., 2002) led to an evaluation of the effects of Wnt signaling on Akt and MDM2 in LNCaP cells tested by assessing the effects of b-catenin or PCDH-PC transfection on phospho-Akt (ser 473) levels and, as shown in Figure 4a , phospho-Akt levels are greater than 50 fold enhanced by transfection with either of these molecules. The activation of Akt signaling was consistent with a similar increase in the phosphorylation (at ser 166) of the Akt downstream target, MDM2 (Ashcroft et al., 2002) . Further evidence that Wnt mediates activation of Akt signaling is shown in the results of Figure 4b wherein siRNAs against PCDH-PC or b-catenin or dominant negative TCF-4 strongly suppressed Akt (and MDM2) phosphorylation in LNCaP cells maintained in androgen-free medium. The critical participation of the MDM2 protein in the AR degradation process was shown in an experiment in which MDM2 expression was suppressed by an siRNA revealing that hAR levels, again were upregulated to higher than control levels in b-catenin transfected cells The Ad-Wnt-1 (20 PFU/cell) was adsorbed for 1 h prior to transfection. Androgen receptor expression regulated by Wnt signaling X Yang et al when MDM2 expression was suppressed (Figure 5a ). Whereas a recent report suggested that Wnt signaling influences Akt signaling in PCa cells (Ohigashi et al., 2005) , there was no prior evidence of the mechanism of this cross-talk. As is shown in Figure 5b , an inhibitor of PI3-kinase, LY2294002, was not able to suppress upregulation of MDM2 phosphorylation when LNCaP cells were transfected by b-catenin nor did this affect the downregulation of hAR protein expression. However, a direct inhibitor of Akt action (compound 5233705) (26) was able to suppress downstream phosphorylation of MDM2 in b-catenin-transfected cells and this resulted in a significant elevation in the levels of hAR protein, similar to effects of proteasomal inhibitors or MDM2 knockout. These result suggest that the effects of Wnt on Akt signaling are not mediated by stimulation of PI3-kinase activity. One potential indication of the mechanistic link between increased Wnt signaling and increased phosphorylation of Akt was found when protein extracts of b-catenin transfected or androgen-free LNCaP cells were reanalysed for phosphorylated MDM2 levels ( Figure 6 ). Here, we found that proteasome inhibitors suppressed phosphorylation of MDM2, which implies that some activity associated with Wnt Figure 6 ). There was no effect of Wnt-stimulation or proteasome inhibiton on expression of the catalytic C subunit of PP2A. Since the PP2A B subunit is known to bind to the b-catenin degradation complex that controls the canonical Wnt signaling pathway (Ratcliffe et al., 2000) , our results suggest that Wnt crosstalk to Akt is mediated, at least partially, by proteasome-mediated destruction of the PP2A B subunit when Wnt signaling is activated.
Discussion
Although the Wnt signaling pathway is involved in normal embryonic development, tissue differentiation and morphogenetic processes, it also plays an important role in human oncogenesis (Barker and Clevers, 2000; Lustig and Behrens, 2003) . Intestinal/colon, breast, skin (melanoma) and oral cancers all show evidence for upregulation of wnt signaling during the natural history of their development and progression. As is best described in colon cancer (Sancho et al., 2004) , Wnt signaling becomes dysregulated in association with mutations in the APC gene whose product is required for ubiquitin-mediated degradation of the b-catenin protein before it can activate LEF-1/TCF transcription or by mutations in the b-catenin gene that makes the protein refractory to the degradation process. Increasing evidence also indicates that the Wnt signaling pathway plays a role in PCa, especially in progression to the most aggressive and therapeutic-resistant state (de la Taille et al., 2003; Chen et al., 2004b) . Mutations in both APC (Watanabe et al., 1996) and b-catenin (Voeller et al., 1998; Chesire et al., 2000) have been described in human PCa specimens, however, their apparent occurrence is at too low a frequency to account for the evidence for more frequent activation of Wnt signaling in this tumor system. Recently, we provided evidence that a novel member of the protocadherin gene family, protocadherin-PC (PCDH-PC) is upregulated in apoptosis-and hormone-resistant human PCa cells and that a major effect of this gene product is the upregulation of Wnt signaling (Yang et al., 2005) . In our prior study, Wnt signaling mediated by PCDH-PC expression or by expression of mutated b-catenin was shown to confer neuroendocrine-like characteristics on PCa cells and this phenotype is often described in association with aggressive PCa cells in vivo. Evidence presented here shows that PCDH-PC, b-catenin or Wnt-1 drastically increases levels of hAR mRNA and phospho-Akt. Since elevated Akt phosphorylation is also associated with aggressive PCa (Ghosh et al., 2003 ) the phenotypic transformation of the PCa cell mediated by PCDH-PC expression and Wnt signaling appears to confer many characteristics associated with the most aggressive forms of the disease. Our findings add to the growing body of literature showing that the Wnt signaling pathway crosstalks with the androgen-signaling pathway. Previous work showing that b-catenin promotes androgen signaling through coactivation of liganded hAR identified a synergistic relationship between Wnt and androgen signaling in PCa cells. Here, we showed that Wnt signaling is also able to significantly upregulate hAR mRNA expression through transcriptional promotion mediated by TCFbinding elements within the promoter of the hAR gene and, if this resulted in similar upregulation of hAR protein, would imply that the upregulation of Wnt signaling alone would be sufficient to confer virtually all the characteristics of the most aggressive form of PCa. Enigmatically, however, increased Wnt signaling appears to have an opposite effect on expression of the hAR protein. Our observations suggest that this effect is likely mediated by the influence of Wnt on the Akt signaling pathway leading to increased phosphorylation of the Akt target, MDM2 and increased proteasomal degradation of hAR protein. Inhibitors of proteasomal activity (MG132 and lacacystin), Akt signaling (by compound 5233705) or MDM2 expression (with siRNA that targets this gene) resulted in hAR levels that were approximately eight to 12-fold higher in b-catenintransfected cells than in control PCa cells and this increase was consistent with increased hAR mRNA levels in Wnt-stimulated cells. The inability of the PI3-kinase inhibitor LY29004 to suppress Akt phosphorylation subsequent to activation of Wnt signaling indicates that the mechanism of Wnt to Akt cross-talk likely does not involve an effect of Wnt on PI3-kinase activity. However, the evidence that Wnt activation leads to specific degradation of the B subunit of PP2A supports the concept that loss of PP2A activity is involved in this phenomenon since PP2A downregulates Akt signaling.
With regards to the situation in hormone refractory PCa cells found in specimens obtained from patients, there is evidence that these cells have upregulated hAR mRNA (Gil-Diez de Medina et al., 1998; Latil et al., 2001) as well as hAR protein (Ford et al., 2003) . Similar findings are also reported for human PCa cell xenografts (Chen et al., 2004a) and cultured PCa cells that are chronically deprived of androgen (Shi et al., 2004) . If Wnt signaling is a driving force involved in the generation of hormone refractory PCa, this would imply that there might be a two-step process; one in which the hAR gene is transcriptionally upregulated under conditions of increasing Wnt signaling immediately following androgen deprivation and a second step, which involves suppression of the hAR protein degradative process in the presence of highly active Akt signaling. This twostep progression pathway would be consistent with the natural biology of PCa in which hormonal ablation therapies transiently suppress disease progress for a limited period followed by a breakthrough in which the cancer cells acquire the ability to grow in the absence of androgens as well as with observations in animal models of hormone-dependent PCa (Craft et al., 1999) .
Materials and methods
Cell lines, plasmids and siRNAs LNCaP, CWR22rv-1, PC-3 and DU145 cells were obtained from ATCC and were passaged in medium (for LNCaP, CWR22rv-1 and DU145 RPMI 1640 or for PC-3, F-12k with 10% fetal calf serum and supplements) or androgen-free maintained as previously described (Yang et al., 2005) . A defective adenovirus that expresses Wnt-1 protein (Ad-Wnt-1) and control, Lac Z expressing adenovirus (Ad-lac Z) were previously described (Young et al., 1998) . These viruses were applied at 20 particles/cell in low serum (2%) medium for 1 h. Expression plasmids containing mutated (stabilized) human b-catenin (Tetsu and McCormick, 1999) , dominant negative TCF-4 (Chen et al., 2001) or PCDH-PC cDNA were transfected into cells as previously described (Yang et al., 2005) . Small interfering (si) RNAs targeting b-catenin or lamin were purchased from Dharmacon Inc. siRNA targeting human MDM2 was purchased from Qiagen Inc (Valencia, CA). siRNAs were transfected into cells as previously described (20) . Proteasome inhibitors MG132 and lactacystin were purchased from Sigma Chemical Co. (St Louis, MO) and were used at 5 (MG132) or 10 (lactacystin) mM for 12 h prior to cell harvesting. PI3-kinase inhibitor LY294002 (Sigma Chemical Co.) and Akt Inhibitor IV (compound 5233705, EMD Biosciences Inc., San Diego, CA) (Kau et al., 2003) were used at 4 and 50 mM concentrations, respectively, for 12 h prior to harvesting cells.
Preparation of cell extracts and western blots
Cells were harvested and protein extracts prepared, quantified and used to prepare Western blots as previously described (Yang et al., 2005) . Western blots were probed with mouse monoclonal antibodies against human Akt protein, phospho-MDM2 (ser 166), hAR (Santa Cruz Biotechnology Inc., Santa Cruz, CA), actin (Sigma Chemical Co., St Louis, MO) or with rabbit polyclonal antibodies against phospho-Akt (ser 473) or human MDM2 (Cell Signaling Technology, Beverly, MA). Recombinant Wnt-1 protein (HA-tagged) was detected with anti-HA antibody (Clonetech Inc., Mountain View, CA). Antibody binding to the Western blot was detected as previously described (Yang et al., 2005) . Densitometry of films was carried out using a Kodak Image Station 420.
CHIP assay of regions of the hAR gene promoter bound to b-catenin protein A 2000 bp region immediately upstream of the hAR gene (genbank accession #L14435) was analysed for core LEF-1/ TCF binding sites (5 0 -CTTTG-3 0 ) using the TransFac computer analysis program. PCR primer sets were designed to amplify small regions within this promoter sequence: Primer set #1 (À322 to À218) forward 5 0 -TTAGATTGGGCTTTG GAACC-3 0 , reverse 5 0 -GCTTCCTGAATAGCTCCTGCT-3 0 ; Primer set #2 (À733 to À543) forward 5 0 -CAAAATTGAGCGC CTATGTG-3 0 , reverse 5 0 -TTGCTCTAGGAACCCTCAGC-3 0 ; Primer set #3 (À1082 to À938) forward 5 0 -GGCAAAAATCT CGGAATGAC-3 0 , reverse 5 0 -AAAGGTGGAGATGCAAG TGG-3 0 ; Primer set #4 (À1257 to À1088) forward 5 0 -ATCC AGTCTTCCTTGCCTTT-3 0 , reverse 5 0 -TTCTGGGAGGCT CTCTGTTC-3 0 ; Primer set #5 (À1456 to À1295) forward 5 0 -CAGGTGAAAGGGTCTTCAGG-3 0 , reverse 5 0 -AGGAC ATAATTTGTTCTATGTTCCAC-3 0 ; Primer set #6 (À1795 to À1698) forward 5 0 -TTTTTCAGGCCTCTTTGTGTC-3 0 , reverse 5 0 -TGTGTCTACACACTAACAGTGAAGGA-3 0 ; Primer set #7 (À1902 to À1808) forward 5 0 -TGGTGATGTG GAAGCAACATA-3 0 , reverse 5 0 -AAGGTGAGAAATAATG CTCTGAAGTT-3 0 . Two additional primer sets were designed to amplify regions within the promoters of the human c-myc (He et al., 1998 ) (forward 5 0 -GCTCTCCACTTGCCCCTTT TA-3 0 , reverse 5 0 -GTTCCCAATTTCTCAGCC-3 0 ) and cyclin D1 gene (Tetsu and McCormick, 1999 ) (forward 5 0 -GGGAG GAATTCACCCTGAAA-3 0 , reverse 5 0 -CCTGCCCCAAAT TAAGAAAA-3 0 ) that contain known LEF-1/TCF binding sites. CHIP assays were then performed on LNCaP cells that were transfected by empty vector (pCMV-myc), b-catenin or PCDH-PC expression plasmids for 48 h using the CHIP-IT kit of Active Motif Inc. (Carlsbad, CA) using the manufacturer's protocol. A specimen of formalin-fixed sheared chromatin from empty vector transfected LNCaP cells was used as 'input DNA' for control amplifications. Fixed chromatin was immunoprecipitated using monoclonal mouse anti-b-catenin antibody (Santa Cruz Biotechnology Inc.) and DNA was extracted from the immunoprecipitate and amplified using the primer sets described above. Amplification products on 1.2% agarose gels were visualized under UV light after ethidium bromide staining and sized according to molecular weight markers in adjacent lanes. Control immunoprecipitations was carried out using nonimmune mouse IgG (Santa Cruz Biotechnology Inc.) from each of the specimens did not yield any reaction products for any of the primer sets. 0 . Primers were utilized to amplify DNA extracted from human LNCaP cells using thermocycles of 941C for 20 s for one cycle, 941C for 3 min, 561C for 30 s and 721C for 30 s for 32 cycles and finished by a 10 min cycle at 721C. DNA fragments from the various amplifications were inserted into the pGEM-T Easy vector (Promega Life Sciences Inc., Madison, WI). Inserted fragment were removed using HindIII and XhoI restriction endonucleases and were purified using the Nucleo Trap Nucleic Acid Purification Kit (BD Biological Science Inc., Palo Alto, CA) and ligated into HindIII, XhoI cleaved pGL3 vector (Promega) using the Rapid DNA Ligation Kit (Roche Applied Science, Indianapolis, IN). Reporter vectors (3 mg) were co-transfected with 3 mg of pCDNA3 (empty vector) or b-catenin along with 0.3 mg of a b-galactosidase vector (Promega). After 48 h, luciferase and b-gal activity was measured using the Luciferase Assay System and b-galactosidase Assay Systems of Promega Inc. Normalized luciferase activity is calculated as Light Units normalized to b-gal activity present in each specimen. Each assay was performed in triplicate.
Semiquantitative and real time RT-PCR analysis of AR mRNA expression RNA was extracted from control or transfected cells using the Rneasy Kit from Qiagen Inc. and RNA was quantified by spectrophotometry at 260 nm. RNA (1 mg) was converted to cDNA using oligo-dT primer and reverse transcriptase (Superscript III, Invitrogen Life Technologies). For semi-quantitative evaluation of hAR and G3PDH mRNA expression, 1/50 reverse transcription reaction product was amplified with the hAR primer set (forward, 5 0 -GGACTTCACCGCACCTG ATG-3 0 ; reverse, 5 0 -CTGGCAGTCTCCAAACGCAT) or the G3PDH primer set (forward, 5 0 -GGATTTGGTCGTATTGG GCGC-3 0 ; reverse, 5 0 -GTTCTCAGCCTTGACGGTGC-3 0 ) using Amplitaq Gold Taq polymerase (Invitrogen Life Sciences) for 5 min at 901C followed by 35 cycles of 921C for 1 min, 571C for 1 min and 721C for 1 min and finished by 10 min at 721C. Ethidium bromide-stained amplification products were visualized after electrophoresis under UV light. For semi-quantitative (real time) RT-PCR, 1/50 reverse transcription reaction product was amplified using hAR (forward, 5 0 CGGAAGCTGAAGAAACTTGG-3 0 ; reverse 5 0 -CGTGTCCAGCACACACTACA-3 0 ) or actin (forward, 5 0 -ATGGATGATGATATCGCCGC-3 0 ; reverse, 5 0 -AAGCA TTTGCGGTGGACGAT-3 0 ) primer sets in triplicate for each specimen using the reagents of the Roche Applied Biosystems LightCycler s FastStart reaction mix that monitors amplification products based upon SYBR Green I fluoresence on a LightCycler 2.0 instrument (Roche Diagnostics Inc.). Data was analysed using the LightCycler s software that calculates the crossing point of each sample on the quantification curve. The specificity of each reaction was demonstrated by conducting a melting curve analysis of the PCR product at the end of each run.
